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Abstract

This paper reports on the photoluminescence properties of Na, _,LiCa, _ PO, Eu*>" phosphors synthesized by a solid state reaction
method. The prepared phosphors have been thoroughly characterized by means of X-ray diffraction (XRD), Field-emission scanning
electron microscopy (FE-SEM), Fourier transform infrared spectrum (FTIR), Raman spectrum, Thermo gravimetric and differential
thermal analysis (TG-DTA) and photoluminescent spectral measurements. The structure of Na; _,Li,Ca, _ PO, Eu** phosphors were
found to be orthorhombic in nature with a sphere-like morphology and having the particle size in micrometer range. The excitation
spectra of NaCaPO4Eu?" phosphors revealed a broad excitation band having its maximum intensity at 373 nm and ranging from
250 m to 450 nm. Incidentally, it matches well with the ultraviolet (UV) radiation of light-emitting diodes (LEDs). Upon 373 nm
excitation, these phosphors exhibited intense bluish-green emission band centered at 505 nm. The effect of sintering atmospheres and
co-doping of lithium ions on the photoluminescence properties of the NaCaPO,:Eu®* phosphors were studied and explained suitably.
The obtained results indicate that the prepared NaCaPO4:Eu”>™ phosphors are promising bluish-green candidates for the phosphor-
converted white LED applications.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

With fossil fuels being in short supply and as global
climate change is deteriorating each year; our standard of
living can only be maintained by significant improvements
in energy efficiency. Large amounts of energy are being
consumed for the sake of lighting and displays. Since the
realization of GaN-based light emitting diodes (LEDs),
more and more interest has been focused on white LED
phosphors, as it has many advantages like long lifetime,
high rendering index, high luminosity efficiency, and a
concurrent reduction in environment pollution over the
incandescent and fluorescent lamps [1-3].

*Corresponding author. Tel.: +82 552133425.
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The generation of white light through a combination of an
ultraviolet or blue-emitting chip and phosphors as solid-state
lighting sources has attracted considerable interest. The first
commercial phosphor-converted white light-emitting diodes
(pc-WLEDs) has been produced by the combination of blue
LED with yellow-emitting cerium doped yttrium aluminum
garnet (YAG:Ce) phosphor. However, this approach suffers
from the disadvantages like thermal quenching, poor color
rendition and narrow visible range [4,5]. Hence in recent
days, much attention has been focused on the generation of
white light, through a combination of red, green and blue
phosphors with UV or near-UV (365410 nm) LED. From
the perspective of efficiency and good color render index, red/
green/blue color emitting phosphors having their prominent
excitation wavelengths in range of 350410 nm are very
important [6,7]. Currently, the commonly used green-emitting
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phosphors for white LEDs are sulfide phosphors, such as
ZnS:Cu, Al and SrGa,S,:Eu*", which show poor chemical
stabilities against humidity and strong degradation upon
LED chip pumping [8,9]. Therefore, it is vital to develop new
green phosphors with comparatively modest synthesis
method and which can exhibit superior luminescence perfor-
mance than sulfides.

The emission and absorption spectra of Eu®™ usually
consist of broad bands due to transitions between the
8S7/2 (4f") ground state and the crystal field components of
the 4f°5d excited state configuration. Since the involved 5d
orbitals are external, the position of these energy levels and
consequently the wavelength of excitation and emission bands
strongly depend on the host crystal. The absorption spectrum
in UV region and the broad emission spectrum in UV-infrared
region can be influenced by the crystal-lattice environment of
the Eu’" ions. Through appropriate host selection, the
luminescence of Eu®" can be adjusted with different crystal
field splitting of the 5d band, which can allow a range of color
temperatures that are suitable for white LEDs [10,11].

Orthophosphate phosphors exhibit an excellent thermal
and hydrolytic stability, which are primary requirements of an
efficient host material. Among all, NaCaPO, (NCP) host
matrix has lower synthesis temperature and higher physical
and chemical stability. It also possesses an appropriate
structure containing a rigid three-dimensional network of
tetragonal PO, groups [12-14]. In general, most of the
commercial phosphors are prepared by solid-state reaction
method. Hence in the present study, we adopted the solid
state reaction method to prepare and analyze the photolumi-
nescent properties of NaCaPO4Eu®* phosphors. We have
also thoroughly investigated the effect of sintering atmosphere
and lithium ion co-doping in order to obtain best possible
bluish green emission from the NaCaPO,:Eu”>" phosphors.
For the optimized phosphor sample, XRD, SEM, FTIR and
Raman spectral profiles were also recorded and analyzed.

2. Experimental procedure

Na,; _ yLinal,xPO‘;;xEuz“L phosphors were prepared by
a conventional solid state reaction method by sintering the
phosphor precursor at 850 °C in different sintering atmo-
spheres. Analytical reagent grade high pure Na,COs;,
Li,CO;, CaCO;, NH4H,PO, and Eu,O; chemicals were
weighed in requisite proportions and grounded in an agate
mortar with methyl alcohol to obtain homogeneous mix-
ture. Differential thermal analysis (DTA) and thermo
gravimetric analysis were employed to determine the suita-
ble heat treatment procedure. The mixture was kept in an
alumina crucible and sintered in different atmospheres like
air, oxygen (O,), argon (Ar) and N,H, (95% N, and 5%
H,) by a three-step heating process (200 °C for 2 h, 700 °C
for 1h, and 850 °C for 3h) to obtain Eu®>":NaCaPO,
phosphor. Finally, the samples are grounded into fine
powder for their characterization and analysis.

The crystal structure of the prepared phosphors was
investigated by using X-ray powder diffraction (Philips

X’pert, MPD 3040, Westborough, MA) over the 260 range
from 20° to 60°. The morphology of the powder phosphors
was observed by employing field-emission scanning elec-
tron microscope (FE-SEM) (Tescan, MIRA IILMH, Brno,
Czech Republic). FTIR spectrum of the phosphor sample
was recorded on a Jasco FTIR-200 E spectrometer with
KBr pellet technique from 4000cm~' to 400cm™'.
Raman spectrum was recorded by using a high resolution
NRS-3300 laser Raman spectrophotometer (JASCO)
system equipped with a DPSS green diode laser (532 nm)
as the excitation source. Emission and excitation spectra
were measured using a Shimadzu, RF-5301PC spectro-
fluorophotometer (Kyoto, Japan). The TG-DTA analysis
were performed by using the thermal analyzer system
(Model: TA 5000/SDT 2960 DSC QI10) in a alumina
crucible at heating rate 10 °C/min, from 20 °C to 1000 °C
at N, gas atmosphere. All spectroscopic measurements
were performed at room temperature.

3. Results and discussion

Fig. 1 shows the XRD patterns of NaCag 99PO4:Euy o
and N30.96Li0.04C30A99PO42EuO_m phOSphOI'S sintered in
different atmospheric conditions. The XRD patterns of
all the prepared phosphors are in good agreement with the
Joint Committee on Powder Diffraction Standards data
(JCPDS) card bearing the number 29-1193, indicating that
the incorporated dopant ions and the sintering atmosphere
has not caused any significant changes to the orthorhom-
bic crystal structure of NaCaPO,4 matrix. Fig. 2 shows the
FE-SEM image of NagggLig 04Cag99PO4:Eugo; phosphor
which is sintered initially in argon and later in N,H,
atmosphere at 850 °C. Here after, for the sake of clear
understanding and reader’s convenience, this sintering
criterion will be mentioned as (Ar-N,H,). The obtained
micrograph shows that the particles are agglomerated and
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Fig. 1. XRD patterns of NaCaPO4:Eu®™ phosphors sintered in different
atmospheres.
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Fig. 2. SEM photograph of NaCaPO4:Eu®" phosphors sintered in argon
initially and later in N,H, atmosphere.

possess a sphere like morphology. The approximate size of
those particles might be in micrometer range which is a
suitable size for fabrication of SSL devices. From literature
also it is noticed that the crystalline powder in micrometer
dimension will find more applications as these micro
crystalline phosphors can result in high luminescent inten-
sities [15]. No significant diversifications were noticed in
the Fe-SEM images of other phosphor samples.

FT-IR spectra of the NaCag 9oPO4:Eug; and Nag oelig 04
Cay99PO4Eugo; phosphors sintered in Ar and Ar—N,H,
atmospheres, respectively, are shown in Fig. 3(a). Usually,
the IR absorption band of (PO,)*~ has two regions of
1120—940 cm ™! and 650— 540 cm~'. The phosphate units
in Fig. 3(a) are characterized by two broad IR absorption
bands centered near 1050cm~' and 570 cm ™' that are
assigned to the stretching and bending vibration modes of
the (PO,)’~ units, respectively. However, we noticed some
insignificant bands near 1636 cm™ 'and 3440 cm ™' that are
associated to the OH content absorbed at the powder surface
when the sample was in contact with the environment during
the measurement process [16-18]. Fig. 3(b) shows the Raman
spectra of the NaCag 9oPOy4:Eug; and Nag gglig 04Cag99POy.
Eugo; phosphors sintered in Ar and Ar—N,H, atmospheres,
respectively. (PO,)°~ free ions have four basic vibration
modes: vi(Al) of P-O symmetric stretching vibration, v,(E)
of PO, symmetric bending vibration, v3(F2) of PO asymmetric
stretching vibration and v 4(F2) of PO, asymmetric bending
vibration in the (PO,)’~ tetrahedron. In the crystal structure,
(PO,)*~ vibration may have some changes due to disorder of
the local point symmetry and anion O, ions. The band at
967cm ™" is assigned to v;(PO4)’~ symmetric stretching
vibration, 429icm~' and 454cm™' to v,(PO,)’~ bending
vibrations, 1048 and 1027,cm ™" to v3(PO4)*~ antisymmetric
stretching vibrations and 591 cm™' to v4(PO4)*~ bending
vibration, respectively. All the assignments made above are in
good agreement with the earlier published reports [18-20].
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Fig. 3. FTIR and Raman spectra of NaCaPOgEu®* phosphors
(a) sintered in argon initially and later in N,H, atmosphere (b) sintered
in argon atmosphere.

Temperature Difference ("CI mg)
(% ) ssoTIuB1am

0 200 400 600 800 1000

Temperature ('C )

Fig. 4. Tg-DTA profile of NaCag ¢9PO4:Eug; phosphor precursor.

The TG-DTA profile of NaCag99PO4:Eugo; phosphor
precursor is shown in Fig. 4. In the temperature range
from 20 °C to 200 °C, the sample shows both exothermic
and endothermic peaks in the DTA curve, which is
consistent with the first weight loss. These observations
can be attributed to the decomposition of NH3, H>,O and
the organic species that were used during the grinding
process of starting chemicals. The second weight loss in the
range of 200 °C and 700 °C was due to the degradation of
any other residual organic material from the precursor
which is also accompanied by the removal of CO, gases
that arouses from the starting chemicals [21,22]. Upon
increasing the temperature up to 1000 °C, a solid state
reaction occurs amongst those precursor chemicals and
peaks observed in the DTA curve confirm such a reaction.
TG curve indicates a total weight loss of nearly 38% when
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the temperature is raised from 30 °C to 1000 °C. No
significant weight loss has been observed in the TG curve,
when the temperature was raised beyond 800 °C.
Photoluminescent property of any phosphor will be
strongly related with the valence state of its activator or
dopant ion. It is well known, some kinds of reducing
agents, such as H,/CO, are needed to reduce the Eu’™ to
Eu?™ in a solid state compound. But in some special cases,
this reduction could be thermally achieved even when
sintered in a non reducing atmosphere [23]. In the present
investigation, we observed the reduction phenomenon of
Eu’" to Eu?* in NaCaPO, compound when sintered in a
non reducing atmosphere of pure argon. However, from
the emission spectral features of phosphor sample sintered
in Argon atmosphere, we noticed that certain quantity of
europium ions still existing in its trivalent state. Fig. 5
shows the PL excitation and emission spectra of
NaCag 99PO4:Eud §; phosphor sintered in pure argon atmo-
sphere. The excitation spectra were recorded by using
595 nm and 505anm as the emission wavelengths. Both
the excitation spectra reveal a broad band, extending from
250 m to 450hnm reaching its maximum value at 373 nm.
This intense and broad band can be attributed to the 4f-5d
transition of Eu?" ions. The prominent excitation band
located at 373 nm indicates that the NaCaggoPO4:Eud s,
phosphor is very much suitable for a color converter using
UV light as the primary light source. It can be used as a
green phosphor excited by UV LED chip and mixed with
other color emission phosphors to obtain white light. In
the case of the excitation spectra monitored with 595 nm
excitation, it shows an unique excitation band at 395 nm
("Fy—°Le) indicating the possible existence of trivalent
state of europium ions in the sintered sample. Fig. 5 also
shows the emission spectra of NaCaPO,:Eu®>" phosphors
sintered in pure argon atmosphere and measured with
373 nm and 395anm as the excitation wavelengths. Both
the emission spectral profiles were dominated by the broad

Sintered in Argon Atmosphere

(a) PLE with &, =595

(b) PLwith & =395
ex

(©) PLE with k=505

(@) PLwith &, =373

Relative Intensity (arb. units)

0 1 2z 3 4 5

Europium Concentration (mol %)

d

Intensity (a.u)

— 7
200 250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 5. PL excitation and emission spectra of NaCag99PO4:Eugo; phos-

phors sintered in argon atmosphere. Inset figure shows the graph between
dopant ion concentration and emission intensity.

and intense emission band reaching its maximum value at
505 nm and that can be ascribed to the 4f65d—>7(8S7/2)
transition of Eu?™ ions [24]. It corresponds to the allowed
f-d transition of Eu?*. The 5d energy level of Eu’* and
the lower level of 4f state overlap, so the electron of 4f state
can be excited to 5d state. The broad luminescence of
Eu’" is due to *fs5d, - *f; transitions, which is an allowed
electrostatic dipole transition [10]. Nevertheless, the 5d
state is easily affected by the crystal field; that is to say,
different crystal fields can split the 5d state in different
way. This makes Eu?" emitting different wavelength light
in different crystal fields and the emission spectrum can
vary from the ultraviolet to the red region [25]. Besides, in
the emission spectra also we observed some characteristic
emission bands at 595nm (°Dy— 'F;), 621nm (°Dy— 'F>),
653nm (°Dy—F;) and 687 nm (°Dy—'F,) relating to
Eu’" state when recorded with an excitation wavelength
of 395 nm ("Fo—°Lg) [26]. The inset of Fig. 5 shows the
graph between dopant ion concentration and emission
intensity of the phosphors samples that were sintered in
argon atmosphere. It is evident from the figure that the
1 mol% concentration is displaying better emission profile
than the other dopant concentrations. The emission inten-
sity increases with increasing of europium ion concentra-
tion, and reaches the maximum value at about 1 mol%.
Concentration quenching phenomenon occurs, when the
europium ion concentration was increased beyond
1 mol%.

According to earlier published reports, there are four
conditions that are essential to reduce Eu’™ to Eu’" in
solid state compounds when prepared in a non reducing
atmosphere [23]. They are as follows: (1) No oxidizing ions
should be present in the host compounds, (2) The trivalent
Eu’" jon should replace a divalent cation in the host
compound, (3) The substituted cation should posses a
similar radius to the divalent Eu?" jon, (4) The host
compound should posses an appropriate structure, based
upon tetrahedral anion groups (BO4, SO4, POy, or AlQy).
We examined the reduction of Eu’" to Eu’" in the
NaCaPO,4 compound based on the four essential condi-
tions mentioned above. An acceptable percentage differ-
ence in ion radii between doped and substituted ions must
not exceed 30% [27]. The calculations of the radius
percentage difference between the doped ions (Eu®™) and
the possible substituted ions (Ca®>" and P° ") in NaCaPO,
are analyzed based on the following equation:

Dr=100 x [Rm(CN) — Rd(CN)]/Rm(CN)

where Dr is the radius percentage difference, CN is the
coordination number, Rm(CN) is the radius of the host
cation, and Rd(CN) is the radius of doped ion [23,28].
Taking the above formula into consideration and calculat-
ing those values for the possible substituted ions (Ca®"
and P°1), the value of Dr between Eu®*" and Ca’* on
eight coordinated sites was found to be 4.8%, while the
value of Dr between Eu’* and P° " is —457.05%. Hence it
is interpreted that, europium ions will substitute the Ca
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sites. On the basis of the R.D.Shannon effective ionic radii
of cations [29], it is clear that the Eu® T (1.066 A) ion prefer
to substitute the Ca>* ions among the Ca>* (1.12 A) and
P>t (0.17 A) because of their similar ionic radii. The above
analyses showed that conditions (2) and (3) were satisfied.
In NaCaPO, compound there exits no oxidizing ions,
which satisfy condition (1). Besides, host compound has
an appropriate structure, based upon tetrahedral anion
groups (POy), as evident from obtained FTIR spectrum
(Fig. 3) of the prepared sample and hence the condition (4)
is also satisfied. Therefore, all the four conditions which
are essential for the reduction of Eu’t to Eu®" in
NaCaPO, compound when sintered in a non reducing
atmosphere are satisfied.

Further, the mechanism involved in the reduction of
europium ions in the NaCaPO, matrix can be also
explained as follows: From a chemistry point of view, the
reduction of Eu’" to Eu’" reaction needs an electron
anyway. When trivalent Eu’" ions are doped in to
NaCaPO, matrix, they will replace the divalent Ca®* jons.
To keep the electro neutrality of the compound, two Eu®*
ions would substitute for three Ca>* ions. Therefore, two
positive defects of [Euc,]* and one negative Ca>* vacancy
of [Vca] would be created by each substitution for every
two Eu’ " ions in the compound. By thermal stimulation,
electrons of the [V¢,] vacancies would be then transferred
to doped Eu®* ions and reduce them to their Eu>*. Hence,
it is assumed that the more electrons carried by negative
defects were created; the more Eu® T ions would be reduced
to Eu”~ ions. Owing to these reasons of charge compensa-
tion, Eu’" was subsequently intrinsically reduced to Eu’™ .
The rigid three-dimensional network of tetragonal POy,
groups can surround and isolate the produced divalent
europium ions from reacting with oxygen. Thus, necessary
existence of defect electrons and the anion structures of
compounds play an important role in the transfer process
of defect electrons to the doped RE*" jons by thermal
stimulation [30]. On the whole, it can be understood that,
when the NaCaPO,:Eu®>" phosphor was sintered in pure
argon atmosphere, most of the europium ions could able to
uphold its divalent state even when the samples are sintered
in a non-reducing atmosphere. However, there exists
certain quantity of europium ions in trivalent state as
evident from the observed characteristic eu’™ emission
and excitation bands in Fig. 5.

Nevertheless for further assessment and also to enhance
the PL efficiency of the NaCaPO,Eu®>" phosphors, we
have investigated the effect of various sintering criterions
like sample sintered in air was cooled to room temperature
and later it was again sintered in N,H, atmosphere at
850 °C for 3 h. (Here after this sintering criterion will be
labeled as Air-N,H,). Similarly, the other sintering criter-
ions namely O,—N,H,, Ar—N,H, were also adopted. Fig. 6
shows the emission spectra of all the prepared phosphor
samples that were measured with 373 nm and 395 nm
excitation wavelengths. We can clearly notice that the
Ar-N,H, sintering criterion is exhibiting superior green

Al 1= Sintered in Air
— A2 2= Sintered in O3
A3 3= Sintered in Ar
— Al 4= Sintered in N,H,
£ 5= Sintered in Air and later in NyH,
~|— A&
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g | —— B1 7= Sintered in Ar and later in N,H,
% | ——82
2 |—83
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S
E B=2% exci =373 nm
E
=
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Fig. 6. PL emission spectra of NaCagq9PO4:Eugy; phosphors (A)
with Jexe ;/=395nm (B) with A ;=373 nm and sintered in different
atmospheric conditions.

emission than all other adopted sintering criterions. It can
be understood from the A3 emission spectral profile of
Fig. 6 that even though majority of the Eu®* ions could
able to reduce to divalent state when sintered in a non-
reducing argon atmosphere, still there exist a modest
amount of europium ions in its trivalent state. Hence,
when the same phosphor sample was again sintered in a
reducing atmosphere of 95% N, and 5% H, could able to
exhibit superior green emission than all other phosphor
samples that were shown in Fig. 6. The emission intensity
of Ar-N,H, criterion has increased almost ten times when
compared with that of sample sintered in pure Argon
atmosphere.

Several groups have investigated the effect of lithium ion
incorporation on the phosphor efficiency. Such studies
revealed that the photoluminescent efficiency of those
phosphors was enhanced remarkably by the incorporation
of Liions [31,32]. For this reason, in our present investiga-
tion we have also incorporated Li ions in place of Na ions
to study its influence on the photoluminescence property of
the NaCaPO4:Eu®" phosphor by adopting the Ar-N,H,
sintering criterion. We observed a drastic enhancement in
the photoluminescence efficiency of NaCag99PO4:Eug o
phosphor when lithium ions were incorporated in place
of Na ions. We have further optimized the lithium
concentration and its emission spectral features were
shown in Fig. 7. Among all the Li co-doped samples, the
Na, _,Li,Cag 99POy4:Eug o; phosphor containing 4 mol% of
lithium (y=0.04) is exhibiting superior luminescence effi-
ciency when compared with other samples. Moreover, we
have done XRD characterization to analyze the possible
structural explanation for this. It was found that diffrac-
tion patterns of phosphors with and without lithium ions
are all the same. The evident change of the emission
intensity is due to the differences of the ionic radii of
alkali metal ions. The alkali metal ions of Li™, Na™ and
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Fig. 7. PL emission spectra of Na,_,Li,Cag99PO4Eugg; phosphors
sintered in argon initially and later in N,H, atmosphere with varying
lithium ion concentrations.

K™ have the valence electronic configurations of noble
gases. The alkali metal ions have ionic radii in the
increasing order of LiT < Na®™ <K™*. The difference in
the ionic radii would probably give rise to diversity in the
sub lattice structure around the luminescent center ions.
This in turn influences the spin—orbit coupling and the
crystal field of europium ions. Thus, the relative emission
intensity of the phosphors co-doped with lithium is
strongly enhanced as the coordination conditions of euro-
pium ions are influenced due to the change in distances
between Eu and O [33].

In general, color is represented by means of color
coordinates. The chromaticity diagram established by the
Commission Internationale de I’Eclairage (CIE) in 1931 is
a two dimensional graphical representation of any color
perceivable by the human eye on an x—y plot. Hence, in
our present work, the chromaticity coordinates of opti-
mized NagogLlip04Cag99PO4.Eugo; phosphor has been
calculated and it is having a numerical value of (0.162,
0.557).

4. Conclusions

In summary, conventional solid-state route was adopted to
prepare a series of phosphate phosphors (Na;_,Li,Ca,_
PO4:Eu,) sintered in various criterions and their photolumi-
nescent properties were studied. The prepared phosphors can
be excited very efficiently by near-ultraviolet (n-UV) light
irradiation, exhibiting bright bluish-green emission. For the
first time, we have noticed reduction of Eu’t to Eu’* in
NaCaPO,4 compound sintered in a non reducing atmosphere
of pure Argon. This abnormal reduction was explained
appropriately by a charge compensation mechanism. The
tetrahedral PO, anion groups of the NaCaPO4 compound
played a role of electron transfer in the reduction process of
Euv’" to Eu’" in non-reducing atmosphere. Sintering

criterion greatly affects the photoluminescent efficiency of
the NaCaPO,:Eu®" phosphor. Stronger bluish-green emis-
sion was further obtained with the addition of lithium ion,
which is of great value owing to its lower cost than the rare
earth ions. Based on the obtained results, we suggest that the
optimized Nag gsLig 04Cag 9oPO4.Eug o; phosphor as a promis-
ing candidate for the fabrication of phosphor converted
white LED’s.
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